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Recently, it was shown that the response of a quantum-controlled Unruh-deWitt detector – travelling in a
superposition of uniformly accelerated trajectories – depends on the causal relations between the spacetime
regions in which the detector interacts with the field. These relations are characterised by non-local correlation
functions between the trajectories, a unique feature introduced by the superposition. Here, we demonstrate that
a quantum-controlled detector – superposed along two inertial trajectories at fixed co-moving distance – can
discriminate between a finite-temperature thermal bath and an expanding de Sitter universe. Notably, these
spacetimes would be indistinguishable according to an identical detector traversing either of the individual
classical trajectories in the superposition. We also discover resonances in the detector’s response which depend
on the causal arrangement of its quantum-controlled interaction with the field, demonstrating its capability as a
probe of the geometric and causal structure of spacetime.
Introduction—The Unruh-deWitt (UdW) detector model is
a well-known framework for studying the behaviour of rela-
tivistic quantum fields, especially within noninertial reference
frames and curved spacetimes. The standard formulation of
the model considers an idealised two-level system that fol-
lows a classical worldline and whose internal states couple to
the quantum field [1]. Particularly in settings involving arbi-
trary relativistic trajectories and curvature, the use of a detec-
tor, which can experience excitations through its interaction
with the field, gives operational meaning to the notion of a
‘particle’ [1–3]. One example is the Unruh effect, which pre-
dicts that a uniformly accelerated (Rindler) detector – with
proper acceleration, a – perceives the Minkowski vacuum to
be radiating at the Unruh temperature,
TU =
a
2pi
, (1)
whereas an identical detector traversing an inertial worldline
registers no particles [1, 3, 4]. In a similar manner, Gibbons
and Hawking have demonstrated that inertial detectors cou-
pling to the conformal vacuum in an exponentially expand-
ing (de Sitter) universe also perceive thermal radiation at this
temperature, where a is interpreted as the expansion rate [5].
In both cases, the presence of an event horizon restricts the
detector from accessing the entire spacetime; tracing out the
unobserved modes in the inaccessible regions yields a ther-
mal state. Hence, according to a detector traversing a classi-
cal worldline and fully characterised by its response to quan-
tum fields, the Rindler and de Sitter spacetimes are opera-
tionally equivalent to a thermal bath at the finite temperature,
TU = a(2pi)−1. Proposed experiments sending a single UdW
detector through a beamsplitter have shown that they can, in
principle, measure this effect and extract information about
fields localized in a cavity [6, 7]. Contrary to the intuition that
acceleration fully determines the thermal response of the de-
tector, it has been recently demonstrated that a UdW detector
travelling in a quantum-controlled superposition of acceler-
ated trajectories does not yield a thermal response [8, 9]. In
particular, even if the individual trajectories would yield the
same thermal state – characterised by the same proper accel-
eration – their superposition introduces non-local field corre-
lations between the trajectories, which notably, depend on the
causal relations between them.
In this letter, we derive and compare the response of an in-
ertial UdW detector superposed at two locations in a finite-
temperature thermal bath, with an identical detector in a su-
perposition of trajectories separated by a fixed co-moving dis-
tance in an expanding de Sitter universe. Significantly, the
response of the detector in the de Sitter spacetime is time-
dependent, only thermalising in the asymptotic past and fu-
ture. Although the heat bath induces a time-independent re-
sponse, this response is generally not thermal, only becom-
ing so at resonant separations between the trajectories. Fur-
thermore, we study detector-field interactions that are con-
fined to localised spacetime regions, discovering novel ef-
fects that depend on the causal relations between the trajec-
tories. Our main finding is that a single UdW detector ini-
tialised in a quantum superposition of trajectories can differ-
entiate between these two spacetimes, which has been shown
to be impossible for a detector on a classical worldline [10–
14]. Throughout our work, we also compare these results to
a detector travelling in a superposition of accelerated trajec-
tories, discovering related effects that are induced by its rela-
tivistic motion, rather than spacetime curvature. As such, the
quantum-controlled UdW detector presents a novel approach
to probing the geometric and causal structure of spacetime.
Quantum-controlled UdW detectors—To study the re-
sponse of the detector in the scenarios of interest, we consider
a point-like two-level system initially in its ground state |g〉
and interacting with a real, massless scalar field Φˆ(x(τ)) in
(1+3)-dimensions initially in the state |Ψ〉. Following [8, 9],
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2we initialise the detector in an arbitrary superposition of tra-
jectories by introducing a control degree of freedom ci, whose
states |ci〉 designate the individual paths that the detector
takes. The initial state of the system can then be expressed
as |Ψ〉S = |c〉|Φ〉|g〉 where |c〉= 1√N ∑
N
i=1 |ci〉. In general, the
control initialises the detector at N different spacetime points,
while the joint initial state |Ψ〉S is separable: that is, the con-
trol, the internal, and the field states factor out. The Hamilto-
nian governing the interaction is given by
HˆI(τ) = λσ(τ)
N
∑
i=1
ηi(τ)Φˆ(xi(τ))⊗|ci〉〈ci| (2)
where λ  1 is a weak coupling constant, ηi(τ) is a time-
dependent switching function that governs the interaction,
σ(τ) = σ+eiΩτ + h.c is the interaction picture Pauli opera-
tor (where σ+ = |e〉〈g|) for the detector with energy gap Ω
between the energy eigenstates |g〉, |e〉 and xi(τ) is the world-
line of the ith path of the superposition. To leading order in
λ , the conditional transition probability of the detector, given
that the control is measured in the state |c〉, is given by
PD = λ
2
N2
N
∑
i, j=1
∫ ∞
−∞
dτ ′χi(τ ′)
∫ ∞
−∞
dτ ′′χ j(τ ′′)W ji+(τ ′,τ ′′) (3)
where we have used the notation χi(τ) = ηi(τ)e−iΩτ and
W ji+ = 〈Φ|Φˆ(xi(τ ′))Φˆ(x j(τ ′′))|Φ〉 are two-point correla-
tion (Wightman) functions evaluated along the trajectories
xi(τ ′),x j(τ ′′) [3, 15, 16]. Importantly, Eq. (3) contains Wight-
man functions evaluated locally along the individual trajec-
tories (i = j) and non-locally, between each respective pair
of trajectories (i 6= j). To obtain the instantaneous transition
rate, we consider an ensemble of identically prepared detec-
tors traversing the same quantum-controlled superposition of
trajectories and measured at the proper time τ . We introduce a
sharp switching in η(τ ′) at the proper time at which the mea-
surement is made, yielding the modified result,
PD ∝
N
∑
i, j=1
∫ τ
−∞
dτ ′χ j(τ ′)
∫ τ
−∞
dτ ′′χ i(τ
′′)W ji+(τ ′,τ ′′), (4)
where we have omitted a factor of (λ 2/N2) for brevity. Taking
the proper time derivative of Eq. (4) and making the substitu-
tion s = τ− τ ′ yields the instantaneous transition rate,
P˙D ∝ 2
N
∑
i=1
Re
[
ηi(τ)
∫ ∞
0
ds e−iΩsηi(τ− s)W ii+(s)
]
+
N
∑
i 6= j
[
η j(τ)
∫ ∞
0
ds e−iΩsηi(τ− s)W ji+(τ,τ− s)
+η(τ)
∫ ∞
0
ds eiΩsη j(τ− s)W ji+(τ,τ− s)
]
. (5)
As noted previously, this expression compares the fraction of
excited detectors in one ensemble, measured at τ + δτ , with
that of another identically prepared ensemble, at τ , in the limit
δτ → 0+ [8, 17].
Wightman functions for thermal fields, de Sitter expansion
and accelerated motion—For our analysis, Eq. (3) and (5)
essentially characterise the detector’s response to the back-
ground scalar field as it traverses different regions of space-
time. For simplicity, we study this response for the detector
travelling in a superposition of two trajectories. In the first
scenario – flat Minkowski spacetime, with the field at the fi-
nite temperature Tth. = a(2pi)−1 – the inertial trajectories are
separated by the fixed proper distance L. The Wightman func-
tions evaluated non-locally between the two trajectories are
given by [18]
W12+th.(s) =W21+th.(s) =
a(coth a2 (L− s′)+ coth a2 (L+ s′))
16pi2L
(6)
where s′ = s− iε and ε is an infinitesimal regularisation con-
stant. In the de Sitter universe, we parametrise the detec-
tor’s worldline with flat slicing coordinates [19], yielding the
Wightman functions
W12+dS(p,s) =W21+dS(p,s)
=
(a/4pi)2
exp(ap)(aL/2)2− sinh2(as′/2) (7)
which are evaluated with respect to the conformal vacuum [3]
and p = τ ′+τ ′′. The parameter a now takes on the interpreta-
tion of the expansion rate, while the trajectories are separated
by the constant co-moving distance L. For two accelerated
trajectories in parallel motion with proper acceleration a and
separated by the constant distance L (as measured by inertial
observers), we have [8]
W12+P(L) =W21+P(−L) =−
1
4pi2
(
ξ 2− (ζ +L)2) (8)
where
ξ = 2cosh(ap/2)
[
a−1 sinh(as/2)− iε cosh(as/2)] (9)
ζ = 2sinh(ap/2)
[
a−1 sinh(as/2)− iε cosh(as/2)]. (10)
Finally, for the accelerated trajectories in anti-parallel motion,
L parametrises the distance of closest approach (according to
inertial observers), with the corresponding Wightman func-
tion given by [8]
W12+AP =W21+AP =−
1
4pi2
(
ξ 2− (ζ −2a−1 +L)2) (11)
where
ξ = 2cosh(ap/2)
[
a−1 sinh(as/2)− iε cosh(as/2)] (12)
ζ = 2cosh(ap/2)
[
a−1 cosh(as/2)− iε sinh(as/2)]. (13)
Excitation probability of the detector—Using non-local
Wightman functions, we can calculate the excitation prob-
ability of the detector in the scenarios of interest. We first
3consider a Gaussian switching function at equal proper times,
ηi(τ) = exp(−τ2/2σ2i ) where σi is a characteristic width
for the interaction. In this scenario, semi-analytic results
can be obtained for the PD, following a similar approach to
[20]. By assuming a narrowband interaction (σ  L), the
saddle-point approximation [20, 21] can be invoked to sim-
plify the integrals in Eq. (3). Recalling that the Wightman
function evaluated along any of the individual trajectories is
W (S)+ = −(a/4pi)2csch2(as′/2) [3], we obtain the following
expressions for the transition probability of the detector,
P th.D =
P (S)D
2
+
2ζ
aL
Re
[
coth
[a
2
(L+2iσ2Ω)
]]
(14)
PdSD = PPD =
P (S)D
2
+
ζ
(aL/2)2 + sin2(β )
(15)
PAPD =
P (S)D
2
+
ζ
sin2(β )+(cos(β )+(aL/2−1))2 (16)
where
P (S)D =
(
aσλ
2
)2 e−σ2Ω2
2pi sin2(β )
(17)
is the excitation probability of a single detector detecting ther-
mal radiation at the temperature a(2pi)−1 [8, 20], β = aσ2Ω,
and ζ = (aσλ )2e−σ2Ω2/16pi arises from the saddle-point ap-
proximation. Several noteworthy observations can be made.
FIG. 1. Contour plots of P th.D −PdSD , for (a) a = 3, and (b) a = 12. In
both plots, we have used σ = 0.2,λ = 0.1. The dashed line represents
the cosmological horizon.
First, the excitation probability in each scenario contains an
interference term (originating from the integrals of the non-
local Wightman functions) that vanishes in the limit of infinite
separation between the superposed trajectories. In this limit,
PD reduces to half of that for a single detector in all four cases.
Second, this interference term enables the detector to distin-
guish the thermal bath from the expanding de Sitter spacetime,
a distinction otherwise inaccessible for a detector traversing
a single, classical trajectory – see Fig. 1. Furthermore, this
difference is most discernible when σΩ 1 and L is smaller
than the cosmological horizon, LdS = a−1. This contrasts with
results found in entanglement harvesting protocols utilizing
two detectors travelling on either of the individual trajecto-
ries and interacting locally with the field [13, 21–23]. Only
when the two detectors are separated by a distance larger than
LdS, can the amount of entanglement extracted from the field
be used to differentiate these spacetimes. Hence, a single
quantum-controlled detector can probe spacetime curvature in
more accessible parameter regimes than an analogous entan-
glement harvesting scenario with two detectors. Finally, we
discover that the excitation probability for the detector accel-
erating in parallel motion is identical to the de Sitter case.
While the motion is qualitatively different – an inertial ob-
server measures a constant distance between the accelerated
trajectories, whereas the de Sitter trajectories diverge away
from each other – the similarity between them is the constancy
of the length scale L (recalling that it is a co-moving distance
in de Sitter). As we shall see, this equivalence breaks down
when the saddle-point approximation becomes inapplicable.
Next, we consider an interaction with compact support,
with the switching function chosen to be
ηi(τ) =
{
cos2
[
τ−τi
σi
]
τi−piσi/2≤ τ ≤ τi +piσi/2
0 elsewhere.
(18)
This allows us to study the precise causal relations between
localised spacetime regions [24, 25]. Using these switching
functions, Eq. (5) can be numerically integrated directly. In
FIG. 2. P int.D as a function of τ2,Ω with τ1 = 0. The columns corre-
spond to L = 0.5,1.5 respectively, for the (a)-(b) thermal, (c)-(d) de
Sitter and (e)-(f) parallel acceleration cases. We have not included
the anti-parallel case here, since it is nearly identical to the parallel
case.
Fig. 2, we have plotted the value of the interference terms
4(P intD = P12D + P21D ) in the transition probability and intro-
duced a time-delay between τ1,τ2 (that is, centering one in-
teraction at τ1 = 0 while varying the central proper time τ2
along the other trajectory). For sufficiently small L, the tran-
sition probability displays resonant behaviour at the light-like
causal overlaps of the interaction regions. That is, when the
interaction region η j(τ) overlaps with the light-like exten-
sion of the other region ηi(τ) (where τi < τ j), the interfer-
ence terms either amplify or inhibit transitions in the detector,
depending on the energy gap Ω. We conjecture that the first
interaction perturbs the field, producing a disturbance that is
transmitted to the second interaction region in the causal fu-
ture. Above a critical value of L – which also depends on
the interaction width σi – these resonances disappear for the
parallel and anti-parallel accelerated trajectories, because the
regions become causally disconnected for all τ1,τ2. For the
de Sitter case, only the τ2 > 0 resonances disappear since the
regions become causally disconnected only after they cross
the expansion-induced horizon of the other. This contrasts
with the thermal case, where the trajectories always allow for
causal contact for some configuration of the interaction re-
gions.
Instantaneous transition rate—To further understand the
effect of the non-local field correlations upon the detector’s
behaviour, we now consider the instantaneous transition rate
of the detector. It was noted in [8], that for a time-independent
interaction, the detector superposed at two locations within
the thermal bath should likewise be time-independent. This
can be seen from the Wightman functions, Eq. (6), which are
time-translation invariant. A plot of the transition rate in Fig.
3(a) confirms this conjecture. Indeed, the simple form of the
non-local Wightman functions in Eq. (6) allows for their direct
integration, yielding the interference term
P˙ int.D ∝ Re
∫ ∞
0
ds e−iΩsW12+th.(s) (19)
=
Re
16pi2L
[
eiΩL(B(eaL,−iω/a,0)+B(eaL,1− iω/a,0))
− e−iΩL(B(eaL, iω/a,0)+B(eaL,1+ iω/a,0))
]
(20)
where B(z,a,b) is the incomplete beta function [26]. Adding
Eq. (20) to the single-trajectory contributions, given by the
usual Planckian thermal spectrum
P˙ (S)D =
Ω
2pi
1
e2piΩ/a−1 , (21)
we find surprisingly, that the response of the detector
is in general not thermal. In particular, a thermal re-
sponse is characterised by a transition rate which satisfies
the Kubo-Martin-Schwinger detailed balance criterion [27],
P˙D(Ω)/P˙D(−Ω) = exp(−2piΩ/a). However, using the fact
that P˙ int.D (Ω) = −P˙ int.D (−Ω), we find that for the superposed
detector,
P˙D(Ω)
P˙D(−Ω)
= e−2piΩ/a
[
Ω+2piP˙ int.D (Ω)(e2piΩ/a−1)
Ω+2piP˙ int.D (Ω)(e−2piΩ/a−1)
]
. (22)
Thus, while a UdW detector traversing a single inertial tra-
jectory will measure the field to be in a thermal state, super-
posing it along two finitely-separated paths within the same
bath will generally yield a non-thermal response. To under-
FIG. 3. Transition rates for the detector superposed at fixed co-
moving distance, L, in (a) a thermal bath, and (b) de Sitter spacetime.
In (c), we have plotted P˙ int.D for the thermal bath as a function of L,Ω.
stand this phenomenon, notice that P˙D oscillates between pos-
itive and negative values as a function of L and Ω, shown in
Fig. 3(c). This implies that at resonant values where the in-
terference terms vanish exactly (the contours where P˙ int.D in-
tersects the L−Ω plane), the transition rate reduces to half of
that for a single detector, yielding a thermal response. This
counter-intuitive result demonstrates that a thermal response
can only be obtained by tuning the energy gap of the detec-
tor and choosing an appropriate separation between the super-
posed trajectories.
For the de Sitter spacetime, the quantum-controlled detec-
tor has an exactly thermal response in the asymptotic past.
Near τ = 0 – when the trajectories begin to bifurcate from
each other – the detector response experiences a period of
rapid oscillations after which the transition rate equilibrates
to half of that for a single detector. This can be understood
from the past and future asymptotic forms of the non-local
Wightman functions, W i j+dS(τ →−∞) =W(S)+dS (a single, co-
moving detector in de Sitter) andW i j+dS(τ → ∞) = 0. Unlike
the thermal bath, which either does or does not induce a ther-
mal response, in the de Sitter universe, one merely needs to
wait long enough.
Conclusion—We have shown that by introducing a quan-
tum control of trajectories, a UdW detector gains informa-
tion about the field through non-local correlation functions
that would be otherwise inaccessible using a single detector.
In particular, by a measurement of its response to the back-
ground scalar field, the detector can discriminate between ra-
diation emitted from a finite-temperature thermal bath from
that detected in the conformal vacuum of an exponentially
expanding spacetime. Such a result is impossible for a sin-
gle detector traversing a classical trajectory, and only achiev-
5able in two-detector entanglement harvesting scenarios when
the trajectory separation is larger than the cosmological event
horizon. Our results have shown that the quantum-controlled
Unruh-deWitt detector is a promising candidate for probing
the quantum effects associated with curvature and the causal
structure of spacetime [24, 28, 29]. Some natural directions
that could be pursued next include the study of other classes
of relativistic motion in de Sitter spacetime (which also in-
duce thermal detector responses), as well as superpositions in
anti-de Sitter spacetime and its black hole analogue, the BTZ
black hole.
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